Master alloy with nominal composition of Al-4wt.%Cu was prepared by arc melting.
The alloy ingot was sealed in quarts tube and experienced a solution treatment at 520 o C, then ageing at 300 o C for 2 days, shown in Fig.S1 . The as-received sample is a dual-phase material which is composed of tetragonal θ-Al 2 Cu precipitate embedded in Al matrix (Fig.S2 ).
Plastic deformation of the dual-phase plate was performed by using surface mechanical attrition treatment (SMAT). During the SMAT process, a large number of steel balls impact onto the sample surface at a high flying speed, that generate a large plastic strain at a very high strain rate in the topmost surface layer. With an increasing depth from the topmost surface, a gradual decreasing strain and strain rate are applied resulting in a gradient variation of microstructure, ranging from nano-grained structures to deformed coarse-grained structures. Below a certain depth (about 40 μm in this sample), no plastic deformation is induced and the microstructure remains original (Fig.S3) . Therefore, the SMAT technique is able to generate a gradient variation of plastic strain (and strain rate) from a high value to zero within the thin surface layer. In this work, the Al-alloy sample was treated under vacuum (6x10 -2 Pa) at liquid nitrogen temperature for 60 minutes with a vibrating frequency of 50 Hz.
Structural characterization
X-ray diffractions at lower scanning angle of 3 o were performed to determine phases in the 2μm thick layer from the top. For small angle XRD with the incidence angle α, the penetration depth (t) is estimated from the equation 1 :
Where μ is absorption coefficient of the sample; μ m is mass absorption coefficient of the sample, and ρ is density of the sample. When the incidence angle α is small, t is proportional to α. According to C. E. Foerster et al. 2 , the estimated penetration depth for Al sample is about 700 nm with grazing incidence XRD of Cu K α radiation at the incidence angle of 0.5 o . In the present work, X-ray diffractions of Cu K α radiation at lower scanning angle of 3 o (2 α=3 o ) were performed to determine phases in SMAT Al-4wt.% Cu alloy.
Considering the magnitude of ρ and μ m in this work rather similar to that in previous study 2 , the penetration depth is estimated to be about 2 μm.
By comparing the intensity of the corresponding peaks before and after SMAT, it is seen that the volume of Al 2 Cu precipitates in the sample is largely reduced after SMAT ( By comparison of Al 2 Cu fraction before (7.6%) and after (4.89%) deformation in the same area, we can estimate that Al 2 Cu is largely reduced by 35.6% after SMAT deformation (table S1). The cross-sectional foil samples for TEM observations were prepared. A Tecnai G 2 F30
transmission electron microscope, equipped with Gatan imaging-filter (GIF),
high-angle-angular-dark-field (HAADF) detector, and X-ray dispersive spectroscopy (EDS) systems, was used at 300kV for electron diffraction, HAADF imaging, and elemental mapping. The probe size for EDS line-scan is less than 2 nm and the step size about 3 nm. 
Molecular dynamics simulations
To monitor the microstructural development along the slip plane under the application of external stress, MD simulations with Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 5 , are performed using the embedded atom method (EAM) interatomic potential. This is an analytical EAM potential function including a long range force 6 . In the EAM potential, the electron-density function is taken as a decreasing exponential function, a two-body potential is defined as a function 7 , and the embedding energy is assumed to be a universal form 8 . This potential has been successfully applied in various different studies [9] [10] [11] .
Based on the experimental results 12, 13 , and that in the present study , the dislocation of The total energy minimization criterion, which is based on the conjugate gradient algorithm, 4 is used to optimize the atomic structure and relax the system to equilibrium.
To avoid thermal disturbance in the simulation, the temperature of 0.1 K is controlled by Nose/Hoover thermostat 14, 15 . The maximum temperature reaches 2.0 K for the case of an NVT ensemble (constant number of particles, volume and temperature) in all simulations (using a constant time step equal to 0.001 ps). The Velert velocity integration algorithm 16 is used, and the stress is applied to keep the velocity of 0.1 m/s for the Top atoms.
In addition to monitor the atomistic processes during dislocation motion, we also
applied the centrosymmetry parameter to analyze the large amount of data in such atomistic simulations (Fig.S6) . The centrosymmetry parameter is a measure of the local lattice disorder around an atom and can be used to characterize whether the atom is part of a perfect lattice, or a local defect (a dislocation or stacking fault) in solid state systems. The centrosymmetry parameter is computed using the following equation 17 . S6b shows that, at 14,000 timesteps, the force on atoms along [001] direction is mainly accumulated on the dislocation core. In Fig.S6c -e, the atoms are colored according to the value of the centrosymmetry parameters from 14,000, 200,000, to 400,000 timesteps.
In the bulk of a tetragonal Al 2 Cu lattice, for reference, the centrosymmetry parameter is 12Å 2 for Cu atoms. When Cu atoms depart from the lattice for segregation during dislocation motion, the centrosymmetry parameter tends to zero for atoms within the decomposition region. These values assume that the Cu nearest-neighbor distance does not change in the vicinity of these defects, in which the centrosymmetry parameter is about 6Å 2 for atoms halfway between tetragonal and decomposition sites.
Our MD simulations on the extended dislocation inside Al 2 Cu indicate that the equilibrium separation distance of the two partials is 14.4 nm after optimization. 
